Age-related macular degeneration (AMD) is a devastating disease-causing vision loss in millions of people around the world. In advanced stages of disease, death of photoreceptor cells, retinal pigment epithelial cells, and choroidal endothelial cells (CECs) are common. Loss of endothelial cells of the choriocapillaris is one of the earliest detectable events in AMD, and, because the outer retina relies on the choriocapillaris for metabolic support, this loss may be the trigger for progression to more advanced stages. Here we highlight evidence for loss of CECs, including changes to vascular density within the choriocapillaris, altered abundance of CEC markers, and changes to overall thickness of the choroid. Furthermore, we review the key components and functions of the choroid, as well as Bruch's membrane, both of which are vital for healthy vision. We discuss changes to the structure and molecular composition of these tissues, many of which develop with age and may contribute to AMD pathogenesis. For example, a crucial event that occurs in the aging choriocapillaris is accumulation of the membrane attack complex, which may result in complement-mediated CEC lysis, and may be a primary cause for AMD-associated choriocapillaris degeneration. The actions of elevated monomeric C-reactive protein in the choriocapillaris in at-risk individuals may also contribute to the inflammatory environment in the choroid and promote disease progression. Finally, we discuss the progress that has been made in the development of AMD therapies, with a focus on cell replacement.
Introduction to age-related macular degeneration
Age-related macular degeneration (AMD) is a major cause of irreversible vision loss in people over the age of 60 in developed countries. 1 It has been estimated that at least 1 in 10 Caucasian Americans over the age of 80 are living with AMD. 1 The prevalence of AMD worldwide has been estimated at 8.69%, with prevalence at 12.3% for those of European ancestry. When divided into early and late AMD groups, global prevalence is 8.01% and 0.37%, respectively. 2 Whereas the manifestations of AMD are varied, the two primary forms are dry (atrophic; non-exudative) and wet (neovascular; exudative) AMD. Early dry AMD is characterized clinically by pigmentary changes and/or drusen formation within the macula, which consists of the central-most 6 mm of the retina. With advanced dry AMD, patients can develop regions of geographic atrophy (GA), in which photoreceptor cell, retinal pigment epithelial (RPE) cell, and choroidal endothelial cell (CEC) loss are visible upon fundoscopic examination. Neovascular or wet AMD patients develop aberrant subretinal or sub-RPE choroidal vessels that often lead to leakage of blood, fluid, and/or exudates into the macula (commonly referred to as a choroidal neovascular membrane; CNVM). A GA lesion or CNVM corresponds to scotoma in the patient's central visual field. Whereas this scotoma is currently permanent in the case of GA, patients with CNVM may regain some vision after anti-VEGF therapy. 3 Photoreceptor cells, RPE cells, Bruch's membrane (BrM), and choriocapillaris are interdependent layers of the outer retina or choroid ( Figure 1 ). Although they perform individual tasks to support normal vision, none of these layers can function properly without the others. Below, we briefly discuss these key cells and tissues, focusing largely on Bruch's membrane and the choroid in healthy, aging, and diseased eyes.
Photoreceptor cells
With the ability to rapidly convert photons of light into electrical impulses, and the need for constant regeneration of the outer segment, photoreceptor cells are highly metabolically active cells. This enormous level of activity calls for an abundant supply of oxygen; as a result, photoreceptor cells have the highest level of oxygen consumption per gram of any cell type in the body. 4 This need is met by the unique structure of the choriocapillaris (discussed in section 1.4), which allows for remarkable perfusion of the outer retina. Because of their oxygen requirement, it is easy to imagine how hypoxic conditions would be detrimental for photoreceptor cell health.
Photoreceptor cell loss has been observed in donors with very advanced age (490 years old), with slight cone loss occurring in the fovea (central 0.8 mm of the macula) and about a 30% loss of rods in the parafovea (the region that circumscribes the fovea with a radius of 1.25 mm on all sides 5 ). Overall, it has been estimated that two rods per mm 2 are lost per year in a healthy retina. 6 In eyes with advanced dry AMD, this loss is not significantly different, but it appears to be more localized to the area within 1 mm of the center of the fovea. 6 In regions of GA or choroidal neovascularization (CNV), severe loss of rods can be observed, whereas cones are largely unaffected. Therefore, although cones are more prevalent in the macula compared with the peripheral retina, rods are the photoreceptors most affected during AMD progression. 6, 7 Retinal pigment epithelium
The retinal pigment epithelium (RPE) is a single layer of hexagonal epithelial cells. These columnar epithelial cells are especially tall and narrow in the macula, with densely packed pigment granules. Outside the macula, the epithelium gradually transitions to a wider, more cuboidal morphology. The apical surface of the RPE faces the photoreceptor cells and is covered with microvilli that surround the outer segments to aid in their turnover. On their basal side, RPE cells are anchored by hemidesmosomes to their basal laminae, which makes up the innermost layer of Bruch's membrane and overlies the Figure 1 Layers of the neural retina, RPE, and choroid. H&E (a), immunofluorescence (b), and TEM (c) images showing the layers of the neural retina (cones labeled with calbindin in green), retinal pigment epithelium (yellow), and choroid (vessels labeled with CD34 in red). (b) Immunofluorescence was carried out using anti-calbindin (green) and anti-CD34 (red) antibodies to visualize cone photoreceptor cells and endothelial cells, respectively. Section was counterstained with 4',6-diamidino-2-phenylindole (DAPI; blue). GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; IS, inner segment; OS, outer segment; RPE, retinal pigment epithelium; BrM, Bruch's membrane; CC, choriocapillaris; CH, choroid. Scale bars in a and b = 50 μm, scale bar in c = 5 μm.
choriocapillaris. Beyond its role in phagocytosing and recycling shed photoreceptor outer segments, the RPE is also involved in absorbing excess light, converting alltrans retinol to 11-cis retinal as part of the visual cycle, secreting growth factors to maintain photoreceptor cells and choroidal vasculature, transporting nutrients and waste materials between photoreceptor cells and choriocapillaris, and forming the outer blood-retinal barrier. 8 Changes in pigmentation are among the most significant and noticeable changes to occur in RPE cells with age. During normal aging, the appearance of the RPE layer becomes altered because of a decrease in the number of melanosomes, an increase in the number of lipofuscin granules, and an increase in toxic visual cycle byproducts. 9 Furthermore, RPE cells are lost with normal aging, although this loss is relatively minor. 10 In both aging and AMD eyes, the RPE is thought to be the primary contributor to the lipid component of drusen. 11 Bruch's membrane (BrM)
The RPE and choroid are separated by Bruch's membrane (BrM), a 2-4-μm-thick extracellular matrix complex that is composed primarily of elastin and collagen. BrM consists of the following five distinct layers: (1) the RPE basement membrane (innermost layer), (2) the inner collagenous layer, (3) the elastic layer, (4) the outer collagenous layer, and (5) the choriocapillary endothelial cell basement membrane (outermost layer; 12 Figure 2 ). In addition to elastin, BrM contains collagen type I, III, IV, V, and VI, laminin, fibronectin, heparin sulfate proteoglycans (HSPGs), and chondroitin sulfate (reviewed by Bhutto and Lutty 13 ). The primary functions of BrM include acting as a filter to various molecules that pass between RPE and choroid, and serving as a barrier to prevent aberrant cell migration from the retina or choroid, as BrM contains a reservoir of anti-angiogenic molecules. 14 In addition, BrM provides a surface for RPE cell adhesion, growth, and physical support. 15 Various changes occur within BrM during aging and AMD progression, as discussed in sections 4.2 and 4.4.
Choroid
The choroid is the vascular bed that lies just beneath the RPE, between BrM and the sclera. The capillary bed (the choriocapillaris), which makes up the innermost layer of the choroid, is the principal blood supply to the outer retina (that is, RPE and photoreceptor cells), and loss of choriocapillary endothelial cells is a key contributor to the development of AMD. As the choroid is a main focus of this review, more detailed descriptions of the choroid are presented below.
Risk factors for AMD
Owing to the multifactorial nature of AMD, an incomplete picture of disease pathogenesis still remains. Nevertheless, several factors associated with disease risk have been established, with age being the most important. Disease is most likely to occur in individuals over the age of 60; however, the risk for AMD development continues to increase dramatically with age. Ethnicity is also associated with disease risk, with Caucasians at a significantly higher risk for AMD than African Americans in the United States, especially with regard to wet AMD 16 (reviewed by Lambert et al 17 ) . Global AMD prevalence by the ethnic group is estimated at: 12.3% for European ancestry, 10.4% for Hispanics, 7.5% for African ancestry, and 7.4% for Asians. 2 An important environmental risk factor for AMD is cigarette smoking, which increases the chance of disease by two to three times compared with individuals who have never smoked. This risk increases to at least fourfold when considering wet AMD alone. 18 
Genetics
Genetics also have an important role in AMD risk. Shahid et al 19 reported a positive parental and sibling history for AMD, with odds ratios of 36.4 (CI 4.9 to 270.0) and 15.1 (CI 4.6 to 50.0), respectively, after adjusting for age and smoking history. Over the last decade,~40 genes have been associated with AMD, including those that make up the complement cascade and its regulators. Some of the polymorphisms in complement genes that have a strong association with AMD are those in the C3 (rs2230199), CFI (rs10033900), and CFH (rs1061170) genes, as well as the C2/CFB locus (rs9332739, rs547154, rs4151667, and rs641153), with the CFH Y402H polymorphism increasing AMD risk by up to sevenfold. [20] [21] [22] [23] [24] [25] [26] The complement component 2 (C2) and complement factor B (CFB) genes are separated by~500 bp and are located within the major histocompatibility complex class III region of chromosome 6p21. Two major variants in C2 (rs9332739 and rs547154) are in near-complete linkage disequilibrium with two major variants in CFB (rs4151667 and rs641153), respectively, and both confer a decreased risk for AMD. 24 The disease-associated CFI polymorphism (rs10033900) also reduces AMD risk. 27 A more complete review of complement-associated genetic risk factors can be found in Khandhadia et al 28 and an overview of the complement system components and their functions is provided below in sections 4.5 and 4.6.
Whereas complement genes make up some of the most significant and well-studied genes associated with AMD risk, other factors have been linked strongly to AMD. Polymorphisms in the ARMS2/HTRA1 locus, such as the A69S SNP (rs10490924) in ARMS2, as well as other variants in the ARMS2 and HTRA1 genes, are associated with increased risk for AMD. 29 Owing to almost complete linkage disequilibrium between the ARMS2 and HTRA1 variants, identifying the causal role of variant(s) within this locus remains difficult.
In addition to their association with AMD risk, genetic changes are associated with an altered molecular composition of the choroid. These inherited differences in choroidal biochemistry may also contribute to disease pathogenesis (discussed in section 3.3).
Drusen, basal deposits, and reticular pseudodrusen
Drusen are defined as extracellular deposits that accumulate beneath the RPE within BrM. They can be visualized upon fundoscopic examination and appear as yellowish-white lesions within the macula (in the case of AMD). The traditional system used for classifying drusen provides the following two major druse types: (1) hard drusen, which are well-delineated and typically small (o 63 μm in diameter) and (2) soft drusen, which can range from small to large (between 63 and 125 μm) and have distinct or indistinct borders. 30 Druse size, density, and number are the key factors in determining risk for AMD progression. 30 Observations from various groups indicate that larger drusen form by the fusion of smaller drusen. 31, 32 Studies using donor eye whole mounts indicate that drusen deposition tends to occur over intercapillary pillars in the peripheral choroid, which supports the hypothesis that inefficient clearance of waste/debris by the choriocapillaris (whether that is due to degeneration of the choriocapillaris or a thickening of BrM) is an important event in AMD. 32 In addition, an inverse relationship has been observed between the extent of drusen within the macula and choroidal blood flow beneath the fovea, 33 as well as drusen density and CEC loss. 34 Whereas drusen are histologically apparent as isolated and elevated mounds of sub-RPE material, basal deposits tend to be flat and contiguous. Basal deposits come in two distinct ultrastructural forms: basal laminar deposits and basal linear deposits. Basal laminar deposits are made up of extracellular matrix components that accumulate between the RPE and its basement membrane (innermost layer of BrM). In contrast, basal linear deposits consist of lipidic membranous debris and form between the RPE basement membrane and the inner collagenous layer of BrM, in the same site as drusen. Basal linear deposits or large drusen are associated with early AMD with an OR = 24.0 (3.52-163.75). 35 Similar to basal linear deposits and soft drusen, reticular pseudodrusen (RPD) primarily consist of membranous debris; however, they form above the RPE. Interestingly, RPD can be somewhat transient formations that largely spare the fovea. 36 Curcio et al went on to find that RPD preferentially localize to the perifovea, where rod density is highest. 37 Others have found that RPD tend to occur within or very near to choroidal watershed zones, which are at the border between two or more separate regions of perfusion, which have comparatively poor vascularity and are vulnerable to ischemia. Before any observable retinal alterations, early RPD development coincides with choroidal thinning, 38, 39 as well as an increase in the ratio of stromal to total choroidal area. 39 Thorell et al 40 showed that intermediate or advanced dry AMD patients with RPD had thinner choroids below the fovea compared with age-matched controls. These data support the idea that reduced blood flow within the macular choriocapillaris is involved in early AMD pathophysiology.
Drusen and other extracellular deposits may stress the overlying RPE and retina by accumulating toxic substances, obstructing the passage of nutrients and oxygen from the choriocapillaris (if it has not already degenerated), or eliciting an immune response. These deposits may also serve as a site for the invasion of CNV ( Figure 3 ).
Overview of the healthy choroid
Understanding the development, function, structure, and molecular composition of the normal choroid helps us to better evaluate the tissue in disease states, and also provides insight into what types of treatments may be the most useful to stop or reverse AMD or other diseases affecting this tissue.
Choroid function and structure
The innermost layer of the choroid, lying just behind BrM, is the choriocapillaris. This dense, single layer of broad capillaries is fenestrated, especially on the retinal surface, to allow the passage of oxygen and nutrients to the RPE and photoreceptor cells, while also removing waste products via the systemic circulation. The choriocapillaris is organized in a lobular pattern, creating various watershed zones, which are especially susceptible to hypoxia and RPD development 38 (see section 2.2). In the posterior pole, a layer of intermediate arterioles and venules (Sattler's Layer) exists and connects the choriocapillaris to the arteries and veins located in the outer choroid (Haller's Layer). In the peripheral choroid, the choriocapillaris connects directly to larger caliber vessels, with fewer intermediate channels. The long and short ciliary arteries, which branch from the ophthalmic artery, are the primary sources of blood that feed the choroidal vasculature, which subsequently drains through four or five vortex veins at the equator (typically one vein per quadrant of the posterior pole 41 ). Blood flow in the choroid is regulated by the autonomic nervous system, and is controlled at the arteriolar level. Arterioles of the choroid are innervated by both adrenergic nerves (superior cervical ganglion) and parasympathetic nerves (pterygopalatine ganglion of the facial nerve), which, respectively, induce vasoconstriction and vasodilation upon stimulation. 42 Regulation of choroidal blood flow differs from that of retina, as retinal blood flow is controlled via autoregulation and therefore lacks autonomic innervation. 42 Perivascular smooth muscle cells (or pericytes in the choriocapillaris) wrap around the arteries/arterioles to regulate vascular tone.
The connective tissue surrounding the vessels (the choroidal stroma) comprises additional neurons and nerve processes, melanocytes, fibroblasts, non-vascular smooth muscle cells, and leukocytes (see section 3.3.3), as well as collagen, elastin, and other extracellular matrix components. Non-vascular smooth muscle cells primarily exist in a single layer beneath BrM and in the suprachoroid (the transition zone between the choroid and the sclera), with the highest concentration of cells residing beneath the fovea. These cells may be involved in regulating choroidal thickness, at least in cases of retinal defocus. 43 
Development of the choroid
The choriocapillaris is unusual in its development compared with most other capillary beds in the body. The choriocapillaris develops via hemovasculogenesis between 6-and 8-week gestation, before the formation of intermediate or large vessels. At 11-to 12-week gestation, the development of intermediate choroidal vessels within the Sattler's layer is observed and occurs by angiogenesis; this process allows for the choriocapillaris to connect with the larger, outer choroidal vessels of Haller's layer. Three distinct layers of choroidal vessels can be seen at 21-week gestation, which coincides with the beginning of photoreceptor cell differentiation. Interestingly, the three layers of the choroid (the choriocapillaris, Sattler's layer, and Haller's layer) are notable only in the posterior pole, whereas the choroid outside the posterior pole consists of choriocapillaris and a layer of larger vessels only. 44 The choriocapillaris appears fully mature at 22-week Figure 3 Drusen as a site for CNV invasion. Immunofluorescence image from a human donor with wet AMD exhibits vessels (Ulex europaeus agglutinin I, UEA-I; red; asterisks) present within the druse deposit, who also contains high levels of the MAC (green). Section was counterstained with DAPI (blue). Scale bar = 50 μm. gestation, with flat, thin-walled vessels that already exhibit fenestrations 44, 45 (reviewed by Lutty et al 46 ).
Molecular composition of the choroid
However, similar in many respects to other vascular beds, the choroid has several distinctive features that are important for its normal function and disease pathology.
Human leukocyte antigen class I expression Human leukocyte antigen (HLA) class I proteins are expressed on the surface of most cells in the human body. Members of the HLA family mediate immune responses through their ability to differentiate between self and non-self cells. Immunohistochemical labeling for HLA class I antigens in the retina and choroid shows localization of these antigens primarily to the endothelial cells of the choriocapillaris, with weaker labeling of larger choroidal vessels. Occasional labeling along the basal aspect of RPE cells has also been described. [47] [48] [49] This observation becomes especially relevant when cell replacement therapy is the only option for restoring vision in patients with advanced degeneration (see section 5). The presence of HLA class I antigens on endothelial cells of the choroid suggests the strong possibility for an immune response and rejection if non-HLA-matched cells are used for transplantation. Apart from T-cell-mediated rejection (graft vs host disease), anti-HLA antibodies against donor endothelial cell HLAs could induce complement activation, cytokine production, unwanted endothelial cell proliferation, and ultimately result in donor cell cytotoxicity. 50 The best way to circumvent this potential for rejection is to use autologous cells, such as patientspecific induced pluripotent stem cell (iPSC)-derived CECs to replace lost endothelial cells of the choriocapillaris (discussed in section 5.3).
ICAM-1 and CA4 Intracellular adhesion molecule 1 (ICAM-1) is a glycoprotein typically expressed on the surface of immune and endothelial cells. As part of the immunoglobulin superfamily, ICAM-1 binds circulating leukocytes via CD11a/CD18 or CD11b/CD18 integrins to aid in their transmigration across the endothelium. In most vascular beds, ICAM-1 is only expressed in response to the presence of pro-inflammatory cytokines during an immune response. In contrast, ICAM-1 is constitutively expressed on endothelial cells of the healthy choriocapillaris, especially within the macula. 51, 52 Of note, elevated ICAM-1 has been described in association with AMD, 53, 54 and could promote the recruitment of leukocytes into the choroid to evoke or propagate an immune response. Its expression is increased in organcultured choriocapillaris by C5a 55 and LPS, with attenuation of new expression by AREDS vitamins. 56 CA4 immunolabeling is visible in the developing choriocapillaris as early at 8-week gestation, with CA4 observed in all three layers of choroidal vasculature by 21-week gestation. 45 By adulthood, CA4 is abundant in the endothelial cells of healthy human choriocapillaris, but is absent in the larger vessels of Sattler's and Haller's layers. 57 Therefore, in healthy eyes CA4 can be used as a specific marker for choriocapillary endothelial cells, where it is likely involved in the interconversion of CO 2 and bicarbonate ions across the choriocapillary vessel wall, as well as local pH regulation. Interestingly, partial loss-of-function mutations in CA4 that affect its ability to regulate pH result in severe photoreceptor degeneration, 58 highlighting the importance of CA4, and proper pH regulation, for healthy retinal function. Whereas diabetic eyes with intra-CNV 59 show CA4 expression on the aberrant capillaries (unpublished observations), CA4 protein abundance is actually decreased in eyes with AMD. 60 Leukocytes in the choroid Two main types of leukocytes have been studied in the choroid, the mast cell and the macrophage, both of which may have a significant role in AMD pathogenesis.
Mast cells are abundant in the healthy human choroid, 61 and they are primarily observed in the stroma around the blood vessels of Haller's and Sattler's layers in aged control eyes. 62, 63 Bhutto et al found that in eyes with early or late stage CNV, mast cells reside around or within BrM, sometimes crossing through breaks in BrM. 63 In early AMD eyes, mast cells are significantly more abundant in the choroid compared with control eyes, and many of those cells appear to be degranulated. Eyes with GA exhibit degranulated mast cell localization within Sattler's layer and the choriocapillaris in regions bordering RPE atrophy, as well as regions with complete RPE or choriocapillaris atrophy. The areas with the greatest abundance of degranulated mast cells correspond to the areas with significant choriocapillaris degeneration. 63 Mast cells have also been shown to interact with endothelial cells to induce angiogenesis. 63 Furthermore, C-reactive protein (CRP) binds mast cells via the FcyRIIa receptor 64 and stimulates the release of histamine. 65 This interaction is likely between FcyRIIa and CRP monomers (mCRP) specifically, as this form can easily and spontaneously dissociate in in vitro conditions similar to those used by these authors.
Healthy human eyes contain CD68+ macrophages throughout the choroidal stroma; however, these macrophages remain many microns away from BrM. 66 In early AMD, macrophages become visible beneath BrM within intercapillary pillars or in place of capillaries altogether. As disease advances, macrophage abundance increases in the choriocapillaris, with the greatest numbers observed in eyes with subclinical CNV. BrM/ choriocapillary macrophages are also present at the border of atrophy in eyes with GA, but not within GA lesions. 66 Interestingly, Wang et al 67 found more CD68+ cells in the choroids of high-risk (CFH CC) eyes compared with controls. Together, these studies suggest a role for macrophages in early-disease pathogenesis, and in the development of CNV. A more detailed description of macrophages in the aging and AMD choroid is beyond the scope of this review; an in-depth review can be found in Skeie and Mullins. 68 
Vascular changes with aging and disease
The choroid and its vasculature undergo various changes during normal aging, and these changes often become more severe in eyes with AMD. Whereas some of these changes are likely a cause or contributing factor for disease onset, others may instead be a result of AMD pathology.
Choriocapillary vascular dropout and changes to choroidal thickness with age
Choroidal thickness has been shown to be somewhat plastic, with rapid changes of up to 100 μm occurring within hours of a myopic defocus stimulus in chickens (reviewed by Nickla and Wallman 69 ). Furthermore, choroidal thickness fluctuates daily in chicks by up to 40 μm between midnight (thickest) and noon (thinnest), exhibiting a diurnal pattern. 69 In these instances, nonvascular smooth muscle cells, altered proteoglycan synthesis and degradation, or a change in the fluid flux into the choroid are the likely mediators of rapid and reversible modulation of choroidal thickness. Reversible changes in choroidal thickness in humans are much smaller in magnitude. 70, 71 However, the aging choroid seems to undergo a more drastic, permanent change to choroidal thickness. Using swept-source OCT, Wakatsuki et al 72 assessed choroidal thickness in healthy control patients with patient age ranging from 21 up to 85 years. They found that total choroidal thickness decreases with age, with the thickness of the choroid beneath the fovea decreasing by~3 μm per year.
Age-related changes to BrM
With age, the layers of BrM become less distinct and the entire structure becomes thicker. Moreover, in addition to the significant accumulation of lipids 11 (described elsewhere in this volume) and the formation of drusen, BrM undergoes various age-related changes that may contribute to AMD pathogenesis. One of these changes includes a loss of~50% of the HSPG levels in macular BrM between the ages of~30 and 80 years. 73 As the overall abundance of HSPG changes with age, HSPG composition undergoes a slight, but significant change as well. The degree of HSPG sulfation, which is important for CFH binding, decreases with age. Although the 402H form of CFH has about a 30% reduction in binding to BrM compared to the 402Y form, this impaired binding becomes significantly more pronounced with age. 73 Another age-related change that occurs within BrM that may contribute to AMD is the accumulation of advanced glycation end products (AGEs). AGEs are proteins or lipids that are covalently bound with sugar molecules. In contrast to physiological glycosylation that takes place intracellularly in the endoplasmic reticulum and Golgi, the formation of AGEs takes place non-enzymatically and extracellularly. AGEs preferentially accumulate in extracellular matrices, such as BrM, and disrupt normal protein function. Once AGE accumulation reaches a certain level, the AGE receptor (RAGE) can be engaged and activated. RAGE is present on many cell types, including endothelial cells and leukocytes, and its activation induces an inflammatory response that could help trigger the conversion from acute inflammation to chronic inflammation and tissue damage, and may have a role in angiogenesis. RAGE may also contribute to the activation of immune cells in laser-induced CNV lesion in a mouse model of AMD. 74 Choriocapillary vascular dropout and changes to choroidal thickness in AMD Upon assessment of the mean choroidal blood flow in patients at risk for CNV development, Grunwald et al 75 discovered an association between decreased circulation within the choroid and increased risk for wet AMD. These data implicate ischemia in CNV formation, and provide evidence for the importance of decreased choroidal blood flow in disease progression. 75 Furthermore, in histological studies, a decrease in choriocapillaris density was strongly associated with an increase in the number of ghost vessels (Figure 4) , suggesting that differences in vascular density are due to loss of endothelial cells, not innate variability in vessel density. 34 Eyes with GA have a thinner choroid than age-matched controls or those with early AMD. In biochemical studies of donor choroids, thin choroids were found to have higher levels of tissue inhibitor of metalloproteinase-3 (TIMP3), whereas thicker choroids exhibit higher levels of serine proteases, with corresponding shifts in the balance between fibrillar collagen and ground substance in the choroidal stroma. 76 Altered abundance and/or function of proteases or their inhibitors may be an important factor in choroidal thinning and AMD pathogenesis.
Eye

AMD-associated changes to CECs and BrM
Using quantitative proteomics analysis of the macula of human eyes, Yuan et al 60 found a decrease in the abundance of the vascular protein von Willebrand factor in the BrM/choroid tissue from donor eyes with early-or mid-stage AMD compared with controls, whereas CA4 levels were reduced in advanced dry AMD eyes. Furthermore, HLA class I proteins are less abundant in BrM/choroid tissue of AMD eyes compared with control. 60 These proteomic studies indicate loss of vascular markers during AMD progression. Similarly, in exon array mRNA experiments, eyes with early AMD exhibit a trend toward increased expression of RPEspecific genes, and decreased expression of endothelial cell-specific genes, when compared with healthy controls. 77 These findings suggest that CECs dedifferentiate or become lost before apparent loss of RPE cells in eyes with early AMD.
Because of its vital role as a physical and biochemical barrier, the integrity of BrM is essential to the health of the outer retina and choroid. A physical breakdown in this barrier is present in both aging and in AMD (reviewed by Bhutto and Lutty 13 ). In AMD eyes, BrM also experiences a shift in its biochemical properties, with a reduction in the levels of potent anti-angiogenic factors 14 and increased levels of cholesterol and cholesteryl esters. 78 Such alterations to BrM (in addition to the age-associated changes discussed in section 4.2) could significantly affect diffusion of nutrients and/or waste between outer retina and choriocapillaris, and it may render the tissue susceptible to CNV invasion.
Membrane attack complex overview
The complement system is a proteolytic cascade comprising 40 plasma and cell surface-associated proteins involved in the elimination of pathogenic cells, dead or dying host cells, and other dangerous cellular debris or particles from the body. The complement system is made up of the following three pathways: the classical pathway, the lectin pathway, and the alternative pathway ( Figure 5 ).
The classical pathway is initiated when the C1 complex (one C1q, two C1r, and two C1s moieties) interacts with antibody complexes. The activated C1 complex then cleaves C4 to produce C4a and C4b, and C2 to produce C2a and C2b. The C4b and C2a components can then assemble to form the classical (and lectin) pathway C3 convertase, C4b2a, which accelerates the cleavage of C3 into C3a and C3b. The lectin pathway is initiated via recognition of pathogen-associated molecular patterns by mannose-binding lectin (MBL), ficolins, or collectin-11. MBL, ficolin, or collectin-11 then interacts with MBL serine peptidases to subsequently cleave C4 and C2. At this point, the lectin pathway and the classical pathway share the same downstream constituents. In contrast to the classical and lectin pathways, the alternative pathway is constitutively active. A process called 'tick-over' leads to C3 hydrolysis to form C3(H 2 O) in the fluid phase (reviewed by Nilsson and Nilsson Ekdahl 79 Whereas these three pathways have distinct mechanisms of initiation, they all utilize the same terminal pathway involving C5 cleavage. Once C3 is cleaved and the levels of C3b begin to increase, C5 convertases are formed (C4b2a3b and C3bBb3b). These enzymes cleave C5 to generate C5a and C5b, the latter of which interacts with C6, C7, C8, and many copies of C9 to form the membrane attack complex (MAC). MAC formation is the final step in complement activation and it results in target cell lysis. In addition to formation of the MAC, the complement cascade produces potent anaphylatoxins (C3a and C5a), which aid in efficient clearance of lysed cells through phagocyte recruitment and leukocyte and endothelial cell activation.
In order to prevent the activation of complement beyond what is necessary to effectively clear a pathogen or damaged cell, an array of regulatory proteins exists. Membrane inhibitory proteins, such as protectin (CD59), MCP (CD46), DAF (CD55), and CR1 (CD35), as well as fluid-phase proteins, such as complement factor H (CFH) and complement factor I (CFI), act as inhibitors of complement to help keep its activation under tight control.
One of the key complement proteins in AMD pathogenesis is CFH, which aids in the regulation of the alternative pathway through the inactivation of C3b. Upon binding to C3b on target membranes, CFH recruits CFI that acts to cleave C3b into inactive fragments (iC3b and C3f). In addition, CFH is abundant in human plasma, at a concentration of~2 μM, where it can suppress the amplification of the fluid-phase C3b-like molecule, C3 (H 2 O). Although it is primarily produced in the liver, CFH is also expressed in RPE and endothelial cells. 80 Various studies have shown that CFH recognizes and binds to sialic acids and glycosaminoglycan chains, such as HSPG. CFH is traditionally thought of as a regulator specific to the alternative pathway; however, there is evidence to suggest its role in classical pathway regulation as well. For example, mCRP, which activates the classical complement pathway, 81 is bound by CFH presumably to aid in the regulation of mCRP-mediated complement activation. Furthermore, recruitment of CFH to damaged cells via classical pathway-activating damage-associated molecular patterns has been suggested 82 (reviewed by Makou et al 83 ) .
The relationship between the MAC and AMD
In the previously mentioned proteomic studies of donor maculas, 60 TIMP3 as well as the complement proteins, C7, C5, and C9, were found to be more abundant in BrM/ choroid tissue from early-or mid-stage AMD eyes compared with controls. Interestingly, complement C3 protein levels were elevated in advanced wet AMD eyes compared with control. These data provide evidence for inflammatory processes, including complement activation, as early factors in disease progression with the potential to be triggers for AMD development. 60 When C9 is assembled into the MAC, novel epitopes are revealed that can be detected with monoclonal antibodies, and this property has been valuable in identifying and quantifying the MAC in human eyes ( Figure 6 ). Donors homozygous for the high-risk CFH Figure 6 Membrane attack complex and monomeric C-reactive protein accumulation in wet AMD. An anti-C5b-9 antibody directed against the MAC (a, green), and an anti-mCRP antibody (b, green) were utilized in sections from a wet AMD donor. A secondary control shows UEA-I lectin only (c, red). All sections were counterstained with DAPI. Scale bar = 50 μm.
Eye Y402H polymorphism were found to have choroidal MAC levels 69% higher than that of the low-risk donors. 84 In a number of studies, the MAC has been localized to the aging choriocapillaris, as opposed to retina or RPE. 85, 23 In a study of 100 genotyped eyes, we found that MAC immunolabeling within the healthy choriocapillaris increases with age, beginning as early as 2 years of age. 86 In donor eyes with advanced AMD, the MAC can be seen outside regions of GA but is abundant in the choriocapillaris in regions of CNV, even after loss of endothelium had occurred. 86 Moreover, the choroids of eyes homozygous for the high-risk CFH Y402H allele have elevated MAC deposition in the choriocapillaris and are almost 24% thinner compared with low-risk eyes. In addition to an association between age and deposition of the MAC, these data suggest an association between the high-risk CFH genotype and increased choroidal atrophy, which may be due to the observed increase in MAC accumulation around the vessels in high-risk donor eyes. 86 The MAC preferentially accumulates in the healthy, aging choriocapillaris when compared with other capillary beds, which may provide the basis for the absence of systemic phenotypes in patients with AMD. 87 The anatomic and molecular properties of the choriocapillaris responsible for this specificity are not yet known.
The consequences of direct exposure to the MAC in vitro include CEC death and upregulation of proangiogenic factors in surviving cells, leading to CNV formation. 88 Therefore, the previously observed deposition of the MAC around the endothelium of the choriocapillaris may lead to cell lysis and death early in disease, and could be a major trigger for AMD progression.
CRP overview
As a member of the pentraxin family of fluid-phase pattern recognition molecules, native or pentameric CRP (pCRP) is an acute-phase protein whose expression is increased up to 1000-fold in the liver within 24 h after inflammation or tissue damage has begun. The induction of CRP expression is initiated primarily by the presence of IL-6, and to a lesser degree by IL-1β and TNF, in the liver. 89 Once pCRP has been synthesized, the liver releases the cyclic homopentamer into circulation, leading to an increase in serum pCRP levels from o1 up to 4500 μg/ml. As a result, the serum-associated pCRP is commonly used as a biomarker for infection or inflammation, regardless of the cause. Importantly, pCRP exhibits net anti-inflammatory activity. However, pCRP can dissociate into monomers (mCRP) and adopt potent pro-inflammatory properties. The triggers that cause dissociation into mCRP include binding to activated platelets or damaged or apoptotic cells (via lysophosphatidylcholine). 90 mCRP activates the classical complement pathway while aiding in the regulation of the alternative pathway (discussed above). More specifically, mCRP is able to bind C1q and activate the classical pathway in a dosedependent manner. In addition, mCRP binds CFH to regulate alternative pathway activation, and this regulation is also dose-dependent. 81 Importantly, the binding affinity between mCRP and mutant CFH (402H) is as much as 45% lower than that of mCRP and wild-type CFH (402Y); 91 this is because the Y402H variation occurs in the CCP7 domain, which is one of the two CCP regions that interact with mCRP. 91, 92 Pasceri et al 93 showed that exposing HUVECs to CRP (presumably mCRP) results in the upregulation of ICAM-1, VCAM-1, and E-selectin by the cells, indicating a pro-inflammatory response. Furthermore, direct treatment of ARPE-19 cells with mCRP results in a dosedependent increase in IL-8 and CCL2 expression. 94 We recently found that CECs exposed to mCRP increase their migration and monolayer permeability in vitro. In addition, stimulating human RPE/choroid organ cultures with mCRP results in the upregulation of inflammatory response genes, including several cytokines and ICAM-1. These cultures also exhibited a significant decrease in CA4 mRNA levels, suggesting a role for mCRP in AMDrelated vascular dysfunction. 95 The relationship between CRP and AMD Elevated levels of serum CRP are significantly associated with AMD risk 96 and progression rate. 97 Serum CRP levels and CFH polymorphisms are independently associated with AMD risk, 98 and therefore the high-risk CFH polymorphism in combination with elevated levels of serum CRP has an additive effect on risk of AMD progression. 99 In addition, donor eyes from individuals with the high-risk CFH genotype (CC, n = 6) have~2.5 times more total CRP in the choroid compared with lowrisk eyes (n = 9). 100 When compared with age-matched controls, early AMD and wet AMD eyes exhibited elevated levels of total CRP in the choriocapillaris and BrM, whereas areas of GA in eyes with advanced dry AMD showed less CRP immunolabeling. The converse pattern was observed for CFH in early and wet AMD eyes, with CFH levels significantly lower in the choriocapillaris and BrM compared with age-matched controls. 101 When mCRP and pCRP were analyzed separately in the choroids of high-risk vs age-matched control eyes, mCRP was found to be the only form present in the choriocapillaris. 95 Furthermore, in a study of eyes from 50 genotyped donors, high-risk eyes had significantly more mCRP compared with control eyes (Figures 7a-d) . Colocalization between the MAC and mCRP was also observed in the choriocapillaris (Figures 7e-g ). 95 On the basis of the known roles for mCRP in complement activation and inflammation, it is feasible that mCRP begins to accumulate in the choriocapillaris before disease onset and acts as a trigger for inflammation within the tissue. These actions, in conjunction with those of the MAC, could overwhelm the choriocapillaris and lead to CEC death. Alternatively, mCRP may dissociate from pCRP and bind to already dying CECs, which occurs early in disease pathogenesis, often before other disease symptoms are apparent. Once present, mCRP would likely amplify the existing inflammatory signaling. Whether mCRP initiates CEC loss or simply aids in damaged CEC removal remains to be investigated. Regardless of how or why it initially accumulates, mCRP seems to contribute to the inflammatory environment within the choriocapillaris before and during disease, which likely contributes to the development of AMD.
Strategies to repair a diseased choroid
Supported by our growing understanding of the genetics and pathophysiology in AMD, as well as advances in the fields of gene therapy and stem cell biology, many groups have focused on the development of novel strategies to halt or reverse AMD progression.
Current therapies
To help slow disease progression, patients with intermediate or advanced stages of AMD (both wet and dry) can take AREDS formulations, which have been shown to reduce the risk of progression by 25-30% over 5 years. 102, 103 The mechanism of action in AREDS vitamins includes both anti-oxidant and anti-inflammatory effects. 56 Patients who develop CNV with exudate or blood leakage are typically given anti-VEGF injections to slow or reverse these symptoms. Although these are currently the only treatment options available, various ongoing clinical trials are being conducted to test new or repurposed therapeutic agents in AMD patients. Some of these agents include zimura (a PEGylated single-strand aptamer), which targets complement factor C5 in order to block its cleavage to become C5a and C5b, and MC-1101 (antihypertensive drug), which is suspected to increase choroidal blood flow, prevent BrM rupture, and decrease inflammation. Lampalizumab, an antibody targeted against complement factor D, is a promising option for treatment of GA, as monthly intravitreal injections may reduce the 18-month growth rate of GA (reviewed by Danis et al 104 ) .
Numerous animal studies are also being conducted to test the efficacy of AMD therapies. Cashman et al assessed the treatment of laser-induced CNV in mice with adenovirus expressing the human soluble CD59 complement inhibitor protein. Subretinal injection of the vector was found to significantly protect against CNV formation and reduce MAC deposition at 7 days post laser, 105 suggesting a potential utility for soluble CD59 in treating wet AMD. The use of fusion proteins to treat AMD is also an option currently being investigated. For example, tail vein injections of a CR2-fH fusion protein significantly reduces laser-induced CNV formation and helps preserve retinal function in mice 6 days post laser compared with PBS treatment. 106 This list of studies is by no means complete, and as promising as these options may be for the treatment of AMD, much work to develop a safe and effective therapy in humans is still required. Figure 7 Monomeric C-reactive protein is elevated in the choriocapillaris of high-risk donor eyes and colocalizes with the membrane attack complex. mCRP is more abundant in the choriocapillaris of a donor homozygous for the CFH Y402H polymorphism (c; purple), compared with a control donor (a; purple). Secondary controls for each donor are shown in b and d. An anti-C5b-9 antibody (e and g; green) and an anti-mCRP antibody (f and g; red) display regions of co-labeling at the edge of the vessels within the choriocapillaris (g; arrows). DAPI was used as a counterstain in g. Scale bar in d = 50 μm, scale bar in g = 25 μm.
Future therapies
Although the development and use of anti-VEGF therapies have had immense success, the potential for subsequent development of GA in treated eyes remains a concern, as it has been estimated that up to one in every five patients treated with anti-VEGF injections will go on to develop GA. 107 Therefore, understanding more about the key factors and molecular mechanisms involved in the progression of AMD to advanced stages is vital, not only to avoid the risk for anti-VEGF-induced loss of RPE cells and choriocapillaris, but more importantly to establish a plan to treat the disease before it progresses past the early stages.
Cell replacement therapy with patient-specific iPSCs
The lack of treatments available to halt the progression of AMD to advanced stages results in many patients with extensive cell and tissue loss within the macula. It is likely that cell replacement will be required to help patients such as these to regain any lost vision. As endothelial cells of the choriocapillaris are among the first cell type to become dysfunctional and are lost early in disease, and because of the vital role the choriocapillaris has in supporting the cells of the outer retina, recellularizing the choriocapillaris with healthy endothelial cells will likely be essential. To avoid immune-mediated donor cell rejection, which we expect to be a serious problem due to the robust expression of HLA class I molecules within the choriocapillaris (see section 3.3.1), use of autologous patient-derived cells would be ideal. The need to consider the risks of immune rejection is especially crucial for cell replacement therapy in AMD, which as described above, is caused in part by an insufficiently regulated immune system.
To date, we have been able to convincingly generate CECs from mouse fibroblast-derived iPSCs. 108 The subsequent development of human patient-specific iPSCderived CECs will be a huge step forward. Specifically, in addition to being invaluable for evaluating disease pathophysiology, these cells will be essential for the development of an autologous CEC replacement strategy. That said, to restore vision in patients with severe GA, lost photoreceptor and RPE cells will also need to be replaced. As the inner retina is relatively spared in AMD, transplantation of healthy photoreceptor cells has the potential to restore vision, provided that synaptic connections can form between the transplanted photoreceptor cells and remaining host neurons. Although human iPSC-derived photoreceptor precursor cell transplantation with successful reintegration has been achieved in mice, 109 many hurdles, including enhancement of post-transplant cellular survival and integration efficiency, remain. Of note, cell survival and integration can be greatly improved when donor cells are delivered on biomaterial cell support scaffolds. 110 As discussed above, photoreceptor cells require CECs for their survival, but they also need support from healthy RPE cells. RPE cell transplantation studies have been performed first in mice, then in patients, for nearly 30 years. In the early patient trials, RPE cell suspensions were injected in the submacular space in an attempt to restore the RPE monolayer. From these studies, it was realized that RPE cells could not attach properly to a damaged or aged BrM, and more extensive transplantation methods would be required (reviewed by Alexander et al 111 ). For instance, a clinical trial using patient-derived iPSC-RPE cell sheets is currently in progress in Japan. In addition to cellular transplantation, a number of groups have successfully performed macular translocation studies using autologous RPE/BrM/ choroid grafts taken from the peripheral retina in patients with GA or excised CNV. Although it may sound like a promising option, this type of therapy requires the repositioning of healthy outer retina and choroid from another part of the patients own eye, resulting in a disruption to the patient's peripheral vision in addition to numerous complications. 111 Altogether, patient-derived photoreceptor cells, RPE, and CECs have been successfully generated as individual therapeutic agents; however, the ability to assemble all three of these layers for transplantation is still required for patients with severe tissue loss. In order for these layers to remain apposed and properly oriented, the use of a safe, flexible, and biodegradable scaffold would be extremely beneficial. More work must be done to accomplish this complicated, yet necessary, triple-cell replacement strategy.
Conclusion
Age-related changes to BrM and the choroid may have a significant role in the development of AMD, as many of the changes observed in these tissues with age are even more dramatic in disease. Here, we have outlined the importance of the choroid (especially the choriocapillaris) in both health and disease. As the main source of oxygen and nutrients for the outer retina, the choriocapillaris is essential for the survival of the photoreceptor cells and RPE. The choriocapillaris, which is often overlooked with regard to AMD, degenerates in early stages of disease, before loss of photoreceptor cells or RPE.
Why does CEC death occur? One reasonable possibility is that as the MAC accumulates in the aging choriocapillaris, and BrM loses its ability to bind the key regulatory factors (eg, CFH), the choriocapillaris becomes overwhelmed and is no longer able to properly control complement activation and protect itself from the deleterious effects of the MAC. This situation becomes even more dire when CFH carries loss-of-function mutations. Other factors, such as mCRP, may also accumulate in the choriocapillaris and BrM to exacerbate the inflammatory environment and accelerate complement-mediated damage to CECs. Once the choriocapillaris begins to degenerate, RPE and photoreceptor cells are at risk for their own dysfunction and degeneration. Photoreceptor cells appear especially sensitive to hypoxic insults, whereas the RPE monolayer can continue to survive even over an old avascular fibrotic scar. Furthermore, if RPE and photoreceptor cells are no longer receiving the nutrients and oxygen they require, they may provide signals for the remaining CECs to proliferate. Combining these events with (1) the observed loss of anti-angiogenic factors in BrM, (2) the addition of potent pro-angiogenic factors in the choriocapillaris (eg, MAC and mCRP), and (3) breaks in BrM, these factors together may provide the perfect environment for CNV formation.
While our understanding of the risks and other contributing factors for AMD grows, devising mechanisms to halt or prevent these events is still a challenge. Owing to its vital roles in maintaining a healthy outer retina, the choroid must be taken into consideration during therapeutic development at all stages of disease. As we continue to make progress in our ability to defend and replace CECs, we get closer to saving and/or restoring vision in the millions of individuals living with AMD.
